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Abstract The expression pattern of mRNA encoding two
orexin receptors (OX1R and OX2R) in the rat brain was
examined. OX1R and OX2R exhibited marked differential
distribution. Within the hypothalamus, OX1R mRNA is most
abundant in the ventromedial hypothalamic nucleus whereas
OX2R is predominantly expressed in the paraventricular nucleus.
High levels of OX1R mRNA were also detected in tenia tecta,
the hippocampal formation, dorsal raphe, and locus coeruleus.
OX2R mRNA is mainly expressed in cerebral cortex, nucleus
accumbens, subthalamic and paraventricular thalamic nuclei,
anterior pretectal nucleus. The presence of orexin receptor
mRNA in the hypothalamus is in support of its proposed role in
feeding regulation. Broad central distribution of orexin receptors
may indicate additional functions for orexins.
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1. Introduction
Feeding behavior is controlled by a complex feedback
mechanism involving both central and peripheral systems. In
the brain, a key site for regulating appetite and satiety is the
hypothalamus, in which numerous neuropeptides have been
demonstrated to stimulate or suppress food intake [1]. Re-
cently, a novel hypothalamic peptide family was discovered,
which, upon administration into the lateral ventricle of rats,
elicited a strong stimulatory e¡ect on food consumption, and
was therefore termed orexins [2,3]. The orexins consist of
orexin-A and orexin-B, which are proteolytically derived
from the same 130 amino acid residue preproorexin precursor
protein. In situ hybridization and immunohistochemical stud-
ies indicated that orexins are produced in neurons located in
the dorsal, lateral and posterior hypothalamic areas, which
project to multiple target ¢elds both within and outside the
hypothalamus [2,3].
To date, two orexin receptors (OX1R and OX2R) have been
described, which belong to the G-protein coupled receptor
superfamily with a proposed seven transmembrane topology
[2]. The two receptors share 64% identity in their amino acid
sequence, and display a distinct pattern of interaction with
orexins: orexin-A has a high a⁄nity for both receptors where-
as orexin-B shows a 10-fold higher a⁄nity at OX2R than that
at OX1R [2]. In adult rats, the mRNA encoding orexin recep-
tors were detected exclusively in the brain by Northern blot
analysis [2], however, a detailed expression pattern of the re-
ceptors within the brain remained unknown. The present
study was undertaken to compare the distribution of OX1R
and OX2R mRNA throughout the rat brain in order to better
understand the potential functions of orexin pathways.
2. Materials and methods
2.1. Tissue preparation
Male Sprague-Dawley rats (2^3 months of age) were purchased
from Harlan Sprague Dawley (Indianapolis, IN). Animals were killed
by decapitation and brains were quickly removed and frozen in
340‡C isopentane and stored at 380‡C until use. Coronal brain sec-
tions (14 Wm) were cut at 317‡C on a cryostat microtome and thaw-
mounted on baked microslides. The sections were post-¢xed in ice-
cold 4% phosphate-bu¡ered paraformaldehyde and stored in 95%
ethanol at 4‡C until use.
2.2. In situ hybridization
In order to enhance the signal intensity, an equal molar mixture of
three antisense oligonucleotide probes was used for detecting each of
the orexin receptors. The probes are speci¢c to rat OX1R or OX2R,
and do not cause cross-hybridization with each other. The nucleotide
sequences of these probes are as follows: for OX1R, 5P-TCCTCA-
TAGTCTGGAGGCAGGTGGAAGGGTTCCCCACTGCTAGTG-
3P, 5P-AAGGCTATGAGAAACACGGCCACGTAGGCCGCGAT-
GAGAACCCAC-3P and 5P-TGCTGAGCTTCCAGTTGCTCTGAG-
GGTCGCTTCCAGTTCCGCACC-3P ; for OX2R, 5P-AGTTGCGA-
CGAGGGAGGGAATCCTCCAATTTGGTGCTGGACATCA-3P,
5P-AGAGCCACGACGAACACGATGATATACCCTGCGATCAG-
GACCCAC-3P and 5P- CAAAGTTGCTGATCTGAGTAGTCAGG-
GACTTCCTGCTCTCTGTAC-3P. Various probes were 3P-end la-
beled with [K-33P]dATP and terminal deoxynucleotidyl transferase
and puri¢ed over Sephadex G-50 columns. The hybridization and
washing conditions were as described previously [4]. To facilitate com-
parison between the two receptors, adjacent coronal sections from the
same brain were used for detecting OX1R or OX2R. The signals are
regarded as speci¢c only if they can be displaced by the addition of
100-fold molar excess of the corresponding non-labeled oligonucleo-
tides. Additional evidence for speci¢c hybridization came from the
detection of an identical pattern of distribution for a given receptor
when using distinct, non-overlapping oligonucleotide probes individ-
ually. Following air-drying, the slides were exposed to Kodak BioMax
X-ray ¢lm for about 3 weeks prior to development according to
standard procedures. Autoradiographic images of the ¢lm were cap-
tured and analyzed with the MCID/M2 image analysis system (Imag-
ing Research Inc., Ontario, Canada). Anatomical localization was
veri¢ed according to the rat brain atlas [5].
3. Results and discussion
The expression patterns of OX1R and OX2R mRNA in the
rat brains were examined by using in situ hybridization with
receptor subtype-speci¢c oligonucleotide probes. Fig. 1 shows
the representative autoradiograms of di¡erent brain areas ex-
pressing speci¢c signals (marked with arrowheads) for mRNA
of OX1R and OX2R. The speci¢city of hybridization was
determined by the criteria that the signals were displaceable
by the presence of 100-fold molar excess of the corresponding
unlabelled probes, and that the same distribution pattern of
the receptors was detected with distinct, non-overlapping oli-
gonucleotide probes (data not shown).
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Overall, the mRNA for both orexin receptors is widely
distributed in the rat brain. However, the expression patterns
for OX1R and OX2R are strikingly di¡erent (Fig. 1 and Table
1). The hypothalamus is generally regarded as the primary
brain center for the regulation of feeding behavior and energy
metabolism. Within this region, OX1R mRNA is most abun-
dant in the ventromedial hypothalamic nucleus (VMH). Mod-
erate levels of hybridization were also detected in the medial
preoptic area, lateroanterior and dorsomedial hypothalamic
nuclei, lateral mamillary nucleus and posterior hypothalamic
area. In contrast, OX2R mRNA is predominantly expressed in
the paraventricular nucleus (PVN). Weak to moderate signals
were detected in the VMH and dorsomedial hypothalamic
nuclei, and posterior and lateral hypothalamic areas. Previous
reports have shown that both preproorexin mRNA and im-
munoreactive orexins are localized primarily in neurons
around the lateral and posterior hypothalamic areas [2,3]. It
has been demonstrated that the expression of preproorexin
mRNA is up-regulated during fasting, and that orexin pep-
tides, when administered intracerebroventricularly, stimulate
food intake in rats [2]. These results suggest that orexins
play a role in controlling food intake. Our data reveal a
high level of orexin receptor expression in speci¢c hypothala-
mic nuclei in support of the above notion. The present results
also indicate that even though orexin signals could not be
detected previously in neurons of certain hypothalamic nuclei
known to control feeding, such as the PVN and VMH [2], the
latter may be important targets receiving orexinergic inputs
from the posterior and lateral part of the hypothalamus. It is
of interest to note the sharp contrast in the distribution pat-
tern for OX1R and OX2R mRNA in the PVN and VMH.
Since both nuclei have been implicated to serve key roles in
the neuronal circuitry of feeding regulation [6^8], it is di⁄cult
to predict which orexin receptor is the primary mediator for
orexigenic action of the peptides.
Besides feeding behavior, the hypothalamus is the main
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Fig. 1. Distribution of OX1R and OX2R mRNA in the rat brain. Adjacent coronal sections (14 Wm) from the same brain were used for hybrid-
ization with speci¢c probes against either OX1R (panels A^H) or OX2R (panels a^h) mRNA. Data are representative autoradiograms of three
independent experiments. Cg: cingulate cortex; DTT, dorsal tenia tecta; L6, layer VI of cerebral cortex; Tu, olfactory tubercle; IG, indusium
griseum; TT: tenia tecta; Shi: septohippocampal nucleus (nu); SheAb: shell of nucleus accumbens; BST: bed nucleus of the stria terminalis;
PVT, paraventricular thalamic nu; MPA: medial preoptic area; AVM: ventral anteromedial thalamic nu; PVN: paraventricular hypothalamic
nu; VMH: ventromedial hypothalamic nu; DMH: dorsomedial hypothalamic nu; CM: central medial thalamic nu; CA1, CA2, CA3: hippo-
campus; DG: dentate gyrus; AhiPM: amygdalohippocampal area; APTD: anterior pretectal nu; Sth: subthalamic nu; DR: dorsal raphe; LC:
locus coeruleus.
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integrative center for a number of other neuroendocrine func-
tions. For example, the medial preoptic area has been associ-
ated with maternal, sexual behaviors and sexual di¡erentia-
tion [9,10]. The PVN, which is enriched with a vast number of
neuroendocrine modulators, has been implicated in multiple
functions including stress response, control of pituitary func-
tion, body £uid homeostasis, analgesia, cardiovascular and
gastrointestinal functions [6]. Whether orexins are involved
in these hypothalamic activities will require further investiga-
tion.
In contrast to orexins, the expression of orexin receptors is
not restricted to the hypothalamus (Fig. 1 and Table 1). Other
brain regions that display high levels of expression of OX1R
include tenia tecta, indusium griseum, septohippocampal nu-
cleus, bed nucleus of the stria terminalis, paraventricular thal-
amic nucleus, CA1, CA2 regions of the hippocampus, amyg-
dalohippocampal area, dorsal and median raphe nuclei and
locus coeruleus. On the other hand, OX2R mRNA is mainly
expressed in the olfactory tubercle, layer VI of the cerebral
cortex, shell of the nucleus accumbens, paraventricular and
central medial thalamic nuclei, subthalamic nucleus, anterior
pretectal nucleus, CA3 of the hippocampus. The relative
abundance of orexin receptor mRNA in various brain areas
is summarized in Table 1.
The wide CNS distribution of mRNA encoding OX1R and
OX2R suggests that orexins may be involved in multiple func-
tional pathways. Among various regions mentioned above,
several nuclei such as the locus coeruleus, the paraventricular
thalamic nucleus, the preoptic area and septal nuclei have
been previously shown to be the major terminal ¢elds for
orexin-containing ¢ber projections [3]. In the absence of func-
tional data, however, the potential physiological signi¢cance
of orexin innervation in these and other brain areas remains
unclear and speculative. The locus coeruleus and dorsal/me-
dian raphe nuclei are major centers for the noradrenergic and
serotonergic neurons, respectively, which project extensively
to various parts of the brain and participate in a number of
diverse neuronal functions [11,12]. High levels of OX1R ex-
pression in these nuclei may suggest a regulatory role of orex-
ins on the monoaminergic systems. In addition, the OX1R
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mRNA is also present in basal forebrain structures (i.e. the
amygdala and bed nucleus of the stria terminalis), linked to
such functions as memory storage, emotion and attention [13^
15]. OX2R mRNA is abundant in several areas related to
basal ganglia, including the ventral striatum (nucleus accum-
bens and part of olfactory tubercle) and subthalamic nucleus.
The accumbens is the major recipient of the mesolimbic dop-
aminergic projection from the ventral tegmental area, and
serves a key role in the brain reward mechanism, which may
mediate the positive reinforcing e¡ect of food, thereby provid-
ing an indirect control of feeding behavior [1]. The anterior
pretectal nucleus, another site speci¢cally expressing OX2R,
has been proposed to be involved in nociceptive sensory proc-
essing [16]. Finally, both orexin receptors are heavily ex-
pressed in the hippocampus and associated structures (i.e.
OX1R: CA1, CA2, indusium griseum, septohippocampal nu-
cleus; OX2R: CA3), and the paraventricular thalamic nucleus
(PVT). The hippocampus is presumably an important brain
center for learning and memory [17,18], whereas the PVT is
believed to be a part of the circadian timing system and relay
information to the regions involved in motivational compo-
nents of behaviors and visceral functions [19,20]. Obviously,
more direct functional tests will be required before any de¢n-
itive physiological role can be assigned to orexins.
In conclusion, the present data revealing hypothalamic ex-
pression of orexin receptors are in support of their proposed
role in feeding regulation. However, high level expression of
these receptors in multiple brain sites may indicate additional
as yet unde¢ned physiological functions for the novel peptide
family. Finally, the strikingly divergent distribution of OX1R
and OX2R suggests that these receptors may mediate distinct
functions for orexins.
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